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Abstract²$ FRPELQHG KHDW DQG SRZHU &+3 V\VWHP LV DQ
HIILFLHQWDQGFOHDQZD\WRJHQHUDWHSRZHUHOHFWULFLW\+HDWSURGXFHG
E\ WKH &+3 V\VWHP FDQ EH XVHG IRU ZDWHU DQG VSDFH KHDWLQJ 7KH
&+3 V\VWHP ZKLFK XVHV K\GURJHQ DV IXHO SURGXFHV ]HUR FDUERQ
HPLVVLRQ,WV¶HIILFLHQF\FDQUHDFKPRUHWKDQZKHUHDVWKDWRID
WUDGLWLRQDOSRZHUVWDWLRQFDQRQO\UHDFKXSWREHFDXVHPXFKRI
WKHWKHUPDOHQHUJ\LVZDVWHG7KHRWKHUDGYDQWDJHVRI&+3V\VWHPV
LQFOXGHWKDWWKH\FDQGHFHQWUDOL]HHQHUJ\JHQHUDWLRQLPSURYHHQHUJ\
VHFXULW\DQGVXVWDLQDELOLW\DQGVLJQLILFDQWO\UHGXFHWKHHQHUJ\FRVWWR
WKHXVHUV
7KLVSDSHUSUHVHQWVWKHHFRQRPLFEHQHILWVRIXVLQJD&+3V\VWHP
LQ WKH GRPHVWLF HQYLURQPHQW )RU WKLV DQDO\VLV QDWXUDO JDV LV
FRQVLGHUHG DV SRWHQWLDO IXHO DV WKH K\GURJHQ IXHO FHOO EDVHG &+3
V\VWHPVDUHUDUHO\XVHG8.JRYHUQPHQWLQFHQWLYHVIRU&+3V\VWHPV
DUH DOVR FRQVLGHUHG DV WKH DGGHG EHQHILW 5HVXOWV VKRZ WKDW &+3
UHTXLUHV D VLJQLILFDQW LQLWLDO LQYHVWPHQW LQ UHWXUQV LW FDQ UHGXFH WKH
DQQXDOHQHUJ\ELOOVLJQLILFDQWO\5HVXOWVVKRZWKDWDQLQYHVWPHQWPD\
EHSDLGEDFNLQ\HDUV$IWHUWKHEDFNSHULRG&+3FDQUXQIRUDERXW
\HDUVDVPRVWRIWKH&+3PDQXIDFWXUHUVSURYLGH\HDUZDUUDQW\

Keywords²&RPELQHG+HDWDQG3RZHU&OHDQ(QHUJ\+\GURJHQ
)XHO&HOO(FRQRPLF$QDO\VLVRI&+3=HUR(PLVVLRQ
, ,1752'8&7,21
&20%,1(' +($7 DQG 32:(5 &+3 V\VWHP LV D
VLPXOWDQHRXV JHQHUDWLRQ RI SRZHU DQG KHDW $OWKRXJK
&+3 LV LQ XVH IRU D ORQJ WLPH DQ LQWURGXFWLRQ RI IXHO FHOO
WHFKQRORJLHV LQWR WKH &+3 V\VWHP PDNHV LW YHU\ DWWUDFWLYH
EHFDXVHRIYHU\ORZHPLVVLRQRIJUHHQKRXVHJDVHVDQGKLJKHU
HIILFLHQF\RISRZHUJHQHUDWLRQFRPSDUHGWKHWUDGLWLRQDOSRZHU
SODQWV
$ IXHO FHOO LV D VLPSOH HOHFWURFKHPLFDO GHYLFH ZKLFK
FRQYHUWV FKHPLFDO HQHUJ\ RI K\GURJHQ IXHO RU K\GURJHQULFK
IXHO LQWR HOHFWULFDO HQHUJ\ )XHO FHOOV FRQVLVW RI WKUHH PDLQ
FRPSRQHQWVZKLFKDUHDQRGHFDWKRGHDQGHOHFWURO\WH%DVHG
RQWKHPDWHULDOVXVHGIRUHOHFWURO\WHDQRGHDQGFDWKRGHIXHO
FHOOV FDQ EH FODVVLILHG LQWR PDQ\ GLIIHUHQW FDWHJRULHV
'HSHQGLQJ RQ WKH PDWHULDOV HOHFWURFKHPLFDO UHDFWLRQ
RSHUDWLQJ WHPSHUDWXUH DQG FDWDO\VW UHTXLUHG IRU WKH IXHO FHOO
DUHGLIIHUHQWIURPHDFKRWKHU>@7KHPDLQW\SHVRIIXHOFHOOV
FDQEHOLVWHGDV
 3URWRQH[FKDQJHPHPEUDQHIXHOFHOO3(0)&
 6ROLGR[LGHIXHOFHOO62)&
 $ONDOLQHIXHOFHOO$)&

7 6XWKDUVVDQ ' 0RQWDOYDR DQG < &KHQ DUH ZLWK 6XVWDLQDEOH (QHUJ\
7HFKQRORJLHV*URXSDWWKH8QLYHUVLW\RI+HUWIRUGVKLUH+DWILHOG$/$%
8.&RUUHVSRQGLQJHPDLOWVXWKDUVVDQ#LHHRUJ
:&:DQJ DQG & 3LVDF DUH ZLWK )XHO &HOO 5HVHDUFK 	 'HYHORSPHQW
'HSDUWPHQW(XUR(QHUJ\6ROXWLRQ(QILHOG(18(&RUUHVSRQGLQJHPDLO
ZHQFKXQJZDQJ#HXURHQHUJ\VROXWLRQVFRP
 'LUHFWPHWKDQROIXHOFHOO'0)&
 3KRVSKRULFDFLGIXHOFHOO3$)&
 0ROWHQFDUERQDWHIXHOFHOO0&)&
,Q WKH FDVH RI 3(0)& DQ LQGLYLGXDO IXHO FHOO SURGXFHV
VPDOOYROWDJHZKLFK LVDERXW9DQGKLJKFXUUHQWZKLFK LV
DERXW$FP+HQFHIXHOFHOOVQHHGWREHVWDFNHGWRJHWKHU
WRJHQHUDWH UHTXLUHGSRZHU DQGYROWDJH7KHUHIRUH IXHO FHOOV
FRPH LQ PDQ\ GLIIHUHQW VKDSHV DQG VL]HV %HFDXVH RI WKLV
IOH[LELOLW\ IXHO FHOOV FDQ EH XVHG DV IURP D VPDOO SRUWDEOH
SRZHU XQLW WR D PHJDZDWWV SRZHU SODQW $OWKRXJK IXHO FHOOV
ZHUHLQYHQWHGLQE\%ULWLVKVFLHQWLVW6UL:LOOLDP*URYH
IXHO FHOOV ZHUH UDUHO\ XVHG LQ FRPPHUFLDO DSSOLFDWLRQ >@
$IWHU PDQ\ GHFDGHV RI LQYHQWLRQ 1$6$ VWDUWHG WR XVH IXHO
FHOOVIRUVSDFHDSSOLFDWLRQV>@1RZDGD\VIXHOFHOOVDUHXVHG
LQ PDQ\ UHVLGHQWLDO FRPPHUFLDO DQG LQGXVWULDO EXLOGLQJV
DXWRPRELOHV DQG DOVR DV EDFNXS SRZHU VXSSOLHV 2QH RI WKH
PDLQDSSOLFDWLRQVRI IXHOFHOOV LVDFRPELQHGKHDWDQGSRZHU
V\VWHP &+3 V\VWHP'HSHQGLQJRQ WKH JHQHUDWHGSRZHU D
&+3 V\VWHP VRPHWLPHV UHIHUUHG DV PLFUR &+3 P&+3
V\VWHPLIWKHSRZHUUDWLQJRIWKH&+3V\VWHPLVEHORZN:
>@0LFUR&+3 V\VWHPV DUH XVHG WR SRZHU KRXVHV EORFN RI
DSDUWPHQWV VPDOO FRPPHUFLDO EXLOGLQJV HWF +HDW JHQHUDWHG
IURPVXFKDV\VWHPLVUHFRYHUHGDQGXVHGIRUVSDFHDQGZDWHU
KHDWLQJ7KLV LV WKHPDLQDGYDQWDJHRI WKH&+3V\VWHP ,QD
FHQWUDOL]HGSRZHUSODQW WKLVZLOOQRWEHSRVVLEOHDVLW LVYHU\
GLIILFXOWWRWUDQVSRUWWKHKHDWZLWKRXWDORVV
0RVW &+3 V\VWHPV XVH QDWXUDO JDV DV WKHLU SULPDU\ IXHO
5HIRUPHURU IXHOSURFHVVRU LVXVHG WRFRQYHUW WKHQDWXUDOJDV
LQWRK\GURJHQULFKIXHO+\GURJHQULFKJDVVWUHDPWKHQLVIHG
LQWRWKH&+3V\VWHP+HDWGLVVLSDWHGLQWKHFKHPLFDOUHDFWLRQ
LV UHFRYHUHG E\ZDWHU FRROLQJ V\VWHP 7KLV ZDWHU LV XVHG WR
KHDW WKHLQWHUQDOVSDFH(OHFWULFLW\ LVXVHGWRSRZHUWKHKRPH
HOHFWULFDODSSOLDQFHDQGVXUSOXVSRZHULVH[SRUWHGWRWKHJULG
*LUG FRQQHFWLRQ PD\ DOVR EH XVHG WR LPSRUW SRZHU LI WKH
SRZHUJHQHUDWHGE\WKH&+3LVOHVVWKDQWKHGHPDQG
:RUOGHQHUJ\GHPDQGLVJURZLQJEXWWKHXVHRIIRVVLOIXHO
ZLOOHYHQWXDOO\GHFUHDVH&OLPDWHFKDQJHDQGJOREDOZDUPLQJ
IRUFHWKHZRUOGWRUHGXFHHPLVVLRQ7KLVKDVEHHQUHIOHFWHGLQ
WKH ODWHVW 8QLWHG 1DWLRQV FRQIHUHQFH RQ FOLPDWH FKDQJH LQ
3DULV )RU WKH ILUVW WLPH DOO FRXQWULHV LQ WKH 8QLWHG 1DWLRQV
KDYHDJUHHGWRUHGXFHWKHHPLVVLRQDQGGHFDUERQL]HWKHSODQHW
HDUWK 7KLVZLOO EH DVVHVVHG HYHU\ ILYH \HDUV IURP  >@
7KHUHIRUH FRXQWLHV ZLOO KDYH WR SURPRWH HLWKHU ORZ RU ]HUR
HPLVVLRQ WHFKQLTXHV IRU SRZHU JHQHUDWLRQ &+3 FDQ SOD\ D
YLWDOUROHLQUHGXFLQJWKHHPLVVLRQV3DUWLFXODUO\K\GURJHQIXHO
FHOO&+3V\VWHPZKLFKGRHVQRW HPLW DQ\JUHHQKRXVHJDVHV
RU DQ\RWKHUE\SURGXFWV WKDWSROOXWH WKHHQYLURQPHQW FDQEH
WKH LGHDO VROXWLRQ IRU GHFHQWUDOL]HG SRZHU JHQHUDWLRQ 0DLQ
(FRQRPLF$QDO\VLVRI'RPHVWLF&RPELQHG+HDWDQG
3RZHU6\VWHPLQWKH8.
7KDPR6XWKDUVVDQ'LRJR0RQWDOYDR<RQJ&KHQ:HQ&KXQJ:DQJ&ODXGLD3LVDF
$
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
SUREOHPVZLWKWKHK\GURJHQIXHOFHOO&+3VDUHDYDLODELOLW\RI
K\GURJHQDQGK\GURJHQ LQIUDVWUXFWXUHK\GURJHQ VWRUDJHDQG
VDIHW\LVVXHVUHODWHGWRK\GURJHQ
)LJ  VKRZV D W\SLFDO &+3 V\VWHP LQ RSHUDWLRQ LQ D
GRPHVWLFHQYLURQPHQW7KH&+3V\VWHPQHHGVWREHLQWHJUDWHG
ZLWK JLUG VR WKDW HOHFWULFLW\ FRXOG EH H[SRUWHG ZKHQ &+3
JHQHUDWHVPRUH HOHFWULFLW\ WKDQ WKH GHPDQG LQ WKH KRXVH DQG
HOHFWULFLW\FRXOGEH LPSRUWHGZKHQHOHFWULFLW\GHPDQGKLJKHU
WKDQ WKH HOHFWULFLW\JHQHUDWHGE\ WKH&+3+HDWSURGXFHGE\
WKH &+3 FDQ EH XVHG IRU VSDFH KHDWLQJ DQG ZDWHU KHDWLQJ
(PHUJLQJ WHFKQRORJLHV VXFK DV %LJ 'DWD DQG ,QWHUQHW RI
7KLQJV,R7FDQSOD\DYLWDOUROHLQRSWLPL]LQJ&+3RSHUDWLRQ
EDVHGRQWKHJULGHOHFWULFLW\GHPDQGKHDOWKRI&+3V\VWHPV
DQGRWKHUSDUDPHWHUVZKLFKDUHLPSRUWDQWIRUWKHRSWLPL]DWLRQ
RI&+3RSHUDWLRQ


)LJ&+36\VWHPLQRSHUDWLRQ

7KLV SDSHU LQYHVWLJDWHV WKH HFRQRPLF EHQHILWV RI &+3
V\VWHP LQ WKH GRPHVWLF HQYLURQPHQW ,Q WKLV DQDO\VLV WKUHH
GLIIHUHQW &+3 V\VWHPV WKDW DUH DYDLODEOH LQ WKH 8. DUH
LQYHVWLJDWHG7KLV LQYHVWLJDWLRQLVEDVHGRQW\SLFDOKRXVHKROG
DQQXDO HOHFWULFLW\ GHPDQG KHDW GHPDQG 8. JRYHUQPHQW
VXSSRUWDQGHQYLURQPHQWDOEHQHILWV$W\SLFDO8.KRXVHKROG
KDVDQXQDGMXVWHGDQQXDOHOHFWULFLW\GHPDQGRIN:KDQG
WHPSHUDWXUHFRUUHFWHGDQQXDOHOHFWULFLW\GHPDQGRIN:K
DVRI>@)RUH[DPSOHDN:&+3ZLWKDYDLODELOLW\
RIFDQJHQHUDWHN:KRIHOHFWULFLW\ZKLFKLVDOPRVW
WKUHHWLPHRIWKHDQQXDOGHPDQGRIDQDYHUDJH8.KRXVHKROG
+HDW JHQHUDWHG E\ WKH &+3 VKRXOG EH XVHG ZLWKLQ WKH
KRXVHKROGDVLWFDQQRWEHWUDQVSRUWHGWRDQRWKHUSODFHZKHUH
KHDWLVQHHGHG6RLWLVYLWDOWRFKRRVHD&+3V\VWHPWKDWFDQ
PDWFK WKHEDVHGHPDQGRIKHDW ,IPRUHKHDW LV UHTXLUHG IRU
H[DPSOH LQ WKHZLQWHUD WRSXSKHDWHUFDQEHXVHG WRVXSSO\
WKHH[FHVVKHDWUHTXLUHPHQWRIWKHKRXVH7KLVZLOOPD[LPL]H
WKHHIILFLHQF\RIWKH&+3V\VWHP(OHFWULFSRZHURIWKH&+3
V\VWHPVKRXOGEHEHORZN: WRTXDOLI\ IRU WKHJRYHUQPHQW
LQFHQWLYHVLQWKH8.
,,8.*29(510(1732/,&<
6LQFH D PLFUR &+3 V\VWHP SURGXFHV HOHFWULFLW\ ORFDOO\
WUDQVPLVVLRQ DQG GLVWULEXWLRQ ORVVHV FDQ EH VLJQLILFDQWO\
DYRLGHG 2Q WRS RI WKDW KHDW JHQHUDWHG IURP WKH HOHFWUR
FKHPLFDO UHDFWLRQ LV UHFRYHUHG DQGXVHG IRU VSDFH DQGZDWHU
KHDWLQJ 8. JRYHUQPHQW LGHQWLILHG PLFUR &+3 DV D JRRG
TXDOLW\SRZHUJHQHUDWLRQ0LFUR&+3V\VWHPVDUHHOLJLEOHIRU
)HHGLQ7DULIIV IRU D WHQ \HDUV SHULRG LQ WKH 8.0D[LPXP
UDWHGSRZHURIWKH&+3V\VWHPVKRXOGEHN:GRPHVWLF
&+3 V\VWHPV ZHUH UHFRUGHG LQ  7RWDO FDSDFLW\ RI 
V\VWHPV LV UHSRUWHG DV  N: >@ 7KHVH V\VWHPV UHFHLYH
SN:KIRUJHQHUDWLRQRIJRRGHOHFWULFLW\DQGH[WUD
SN:KLIWKHHOHFWULFLW\LVH[SRUWHGWRWKHJULG)RUH[DPSOHD
 N: &+3 V\VWHP ZLWK  DYDLODELOLW\ LV HOLJLEOH IRU D
SD\PHQWRIDQQXPIRUJHQHUDWLRQRIJRRGHOHFWULFLW\
DQG DQQXP IRU H[SRUWLQJ WKH VXUSOXV HOHFWULFLW\ WR
JLUGLHWRWDOUHWXUQZLOOEHDQQXP
8.JRYHUQPHQW SURYLGHV D UDQJH RI VXSSRUW WR LQFUHDVH D
QXPEHU RI JRRG TXDOLW\ &+3 SURMHFWV 6RPH RI WKH VXSSRUW
PHDVXUHVDUHJLYHQ>@
 ([HPSWLRQ IURP WKH&OLPDWH&KDQJH/HY\ &&/RQ DOO
IXHOVWKDWDUHXVHGIRU&+3
 ([HPSWLRQ IURP&DUERQ 3ULFH 6XSSRUW &36 RQ IXHO WR
&+3FRQVXPHGIRU WKHJHQHUDWLRQRIKHDWDQGHOHFWULFLW\
ZKLFKLVFRQVXPHGRQVLWH
 %XVLQHVVUDWHH[HPSWLRQ
 (OLJLELOLW\ IRU (QKDQFH &DSLWDO $OORZDQFH IRU D JRRG
TXDOLW\&+3V\VWHP
 5HGXFWLRQ RI9$7 IURP  WR  RQ GRPHVWLFPLFUR
&+3V\VWHPV
,,, (19,5210(17$/,03$&7
)XHO FHOO &+3 LV D SURPLVLQJ WHFKQRORJ\ IRU HQHUJ\
VHFXULW\ GHFHQWUDOL]H HQHUJ\ JHQHUDWLRQ ORZ HPLVVLRQ RI
JUHHQKRXVH JDVHV DQG HIILFLHQW HQHUJ\ JHQHUDWLRQ 6LQFH WKH
HQHUJ\HIILFLHQF\RIWKH&+3V\VWHPUHDFKHVPRUHWKDQ
IXHO FRQVXPSWLRQ LV UHGXFHG FRPSDUHG ZLWK WKH WUDGLWLRQDO
SRZHUJHQHUDWLRQWHFKQRORJLHV*UHHQKRXVHJDVHPLVVLRQVFDQ
EH UHGXFHG XS WR  IURP WKH &+3 V\VWHPV ZKLFK XVH
QDWXUDO JDV DV IXHO ,I WKH K\GURJHQ LV XVHG DV WKH IXHO
JUHHQKRXVHJDVHPLVVLRQVZLOOEHEURXJKWGRZQWR]HUR7KLV
FDQEHDFKLHYHGE\FUHDWLQJK\GURJHQLQIUDVWUXFWXUHDQGXVLQJ
SXUHK\GURJHQDVIXHO+HQFH&+3V\VWHPVFDQKHOSWRUHGXFH
WKH JUHHQKRXVH JDV HPLVVLRQ WR WKH HQYLURQPHQW %XW &+3
V\VWHP DQG K\GURJHQ LQIUDVWUXFWXUH QHHG LPSURYHPHQW DQG
IXUWKHU GHYHORSPHQW +\GURJHQ QHHGV WR EH JHQHUDWHG IURP
UHQHZDEOHHQHUJ\VXFKDVVRODUHQHUJ\ZLQGHQHUJ\HWFDQG
VXSSOLHGWRWKH&+3V\VWHP
,9 (&2120,&9,$%,/,7<
(FRQRPLF YLDELOLW\ LV YHU\ LPSRUWDQW IURP WKH XVHU RU
FXVWRPHU SURVSHFWLYH &XVWRPHUV ZDQW D JRRG YDOXH IRU
PRQH\ DQG JRRG UHWXUQ RQ WKHLU LQYHVWPHQW &XVWRPHUV DUH
DOVRFRQWHQWLRXVDERXWWKHFOLPDWHFKDQJHDQGJOREDOZDUPLQJ
+HQFH FXVWRPHUV QHHG WR EH LQIRUPHG DERXW WKH FOLPDWH
FKDQJH DQG JOREDO ZDUPLQJ HQYLURQPHQWDO DQG HFRQRPLF
EHQHILW E\ FKRRVLQJ D JRRG &+3 V\VWHP IRU WKH SRZHU DQG
KHDW UHTXLUHPHQWV 7KLV SDSHU DLPV WR SURYLGH HFRQRPLF
DVVHVVPHQW RI WKUHH GLIIHUHQW V\VWHPV IRU D W\SLFDO 8.
KRXVHKROGZLWKDQDQQXDOHOHFWULFLW\GHPDQGRIN:KDQG
EDVHORDGRIN:7\SLFDO8.KRXVHKROGJDVFRQVXPSWLRQ
LVN:K>@
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
,Q WKLV DQDO\VLV WKHUH GLIIHUHQW &+3 V\VWHPV ZHUH
FRQVLGHUHG IRU D W\SLFDO KRXVHKROG ZLWK DQQXDO HOHFWULFLW\
GHPDQG RI  N:K DQG KHDW GHPDQG RI  N:K
)ROORZLQJ&+3V\VWHPDUHFRQVLGHUHGIRUWKHDQDO\VLV
 %OXH*HQN:
 9LWRYDORU3N:
 (OFRUHN:
%OXH*HQ  N: LV D 62)& EDVHG &+3 V\VWHPZKLFK LV
VKRZQLQ)LJ,WRSHUDWHVDWYHU\KLJKWHPSHUDWXUH%OXH*HQ
 N: ZDV LQVWDOOHG LQ D VPDOO RIILFH EXLOGLQJ EHORQJ WR
&KDUWHUHG ,QVWLWXWH RI %XLOGLQJ 6HUYLFH (QJLQHHUV &,%6(
DQGUHSRUWHGE\>@(OHFWULFDOHIILFLHQF\ZDVUHSRUWHGDV
LQLWLDOO\DQG WKHUHDIWHUVWDELOL]HGDWDWN:RSHUDWLQJ
FRQGLWLRQ0D[LPXPRIN:KHDWZDVUHFRYHUHGDWWKHUHWXUQ
WHPSHUDWXUH RI & DQG  N: ZDV UHFRYHUHG DW &
+HQFHWKHFRPELQHGHIILFLHQF\ZDVUHSRUWHGDVDERXW>@
7R RSHUDWH DW  HIILFLHQF\%OXH*HQ UHTXLUHV  N:RI
JDVLQSXW$WWKLVRSHUDWLQJFRQGLWLRQDQDYHUDJHN:RI
KHDW FRXOG EH UHFRYHUHG LI WKH %OXH*HQV¶ RYHUDOO HIILFLHQF\
FRXOGEHNHSWDW7RRSHUDWHDWDYDLODELOLW\%OXH*HQ
UHTXLUHVN:KRIJDVVXSSO\LWFDQJHQHUDWHN:K
RIHOHFWULFLW\DQGN:KRIKHDWFRXOGEHUHFRYHUHG+HDW
UHFRYHUHG IURP WKH&+3 LVPRUH WKDQ WKH EDVH KHDW GHPDQG
EXWQHHGVWREHWRSSHGXSE\DQH[WHUQDOKHDWHUERLOHUWRPHHW
WKHSHDNGHPDQG


)LJ%OXH*HQN:&+36\VWHP

7RWDOLQYHVWPHQWQHHGHGIRU%OXH*HQN:LVLQ
WKH8.DQGLWPLJKWJRGRZQLQWKHQHDUIXWXUH$QQXDOUHWXUQ
RIFRXOGEHDFKLHYHGIRUJHQHUDWLQJJRRGHOHFWULFLW\DQG
H[SRUWLQJ VXUSOXV HOHFWULFLW\ WR WKH JULG )URP WKH FXUUHQW
VWDQGDUG WDULII JDV LV SN:KDQG HOHFWULFLW\ LV SN:K
%HIRUHWKHLQVWDOODWLRQRI%OXH*HQDW\SLFDOKRXVHKROGELOOIRU
JDVDQGHOHFWULFLW\ LVLH IRUN:KHOHFWULFLW\DQG
N:KJDV$IWHUWKH%OXH*HQLVLQVWDOOHGDQHQHUJ\ELOO
LV  LQFOXGLQJ WKH JDV UHTXLUHG WR VXSSO\ WKH H[WUD KHDW
GHPDQG +HQFH DQQXDO HQHUJ\ ELOO LV JRLQJ GRZQ E\ 
7KHUHIRUHWRWDOUHWXUQZLOOEHDQQXP
9LWRYDORU 3 LV  N:3(0)& EDVHG IXHO FHOO &+3
V\VWHPZKLFKLVLQWHJUDWHGZLWKLQWHJUDOJDVFRQGHQVLQJERLOHU
IRUSHDN ORDGDV VKRZQ LQ)LJ &RVW RI LQVWDOODWLRQRI WKLV
V\VWHPLVUHSRUWHGDV$YHUDJHH[SHFWHGUHWXUQRQWKLV
LQYHVWPHQW LV DQQXP >@ (OHFWULFDO HIILFLHQF\ RI WKH
IXHO FHOOPRGXOH LV UHSRUWHGDVDQGRYHUDOO HIILFLHQF\ LV
 ,W GHOLYHUV D PD[LPXP RI  N: RI KHDW RXWSXW DQG
SURGXFHVN:KRIGDLO\HOHFWULFLW\,QWHUQDOERLOHUZLOOVWDUW
DXWRPDWLFDOO\ ZKHQ WKH KHDW GHPDQG JRHV DERYH WKH KHDW
SURGXFHGE\WKHIXHOFHOOLHLQWKHSHDNWLPH9LWRYDORU3
DOVR FRPHV ZLWK DQ $SS PRELOH DSSOLFDWLRQ WR UHPRWHO\
FRQWURO WKH &+3 RSHUDWLRQV LQFOXGLQJ WR FKDQJH URRP
WHPSHUDWXUHFRQWUROSURJUDPWLPHUVVWDUWDQGVWRSHWF>@


)LJ9LWRYDORU3LVN:&+36\VWHP

(OFRUHLVN:&+3V\VWHPZKLFKLVVKRZQLQ)LJ
VSHFLDOO\GHVLJQHGIRU*HUPDQPDUNHWEXWDV(OFRUHLV
D SDUW RI HQHILHOG SURMHFW >@ (OFRUH LV EDVHG RQ KLJK
WHPSHUDWXUH 3(0)& WHFKQRORJ\ ,W LV GHVLJQHG WR PHHW WKH
EDVHORDGHQHUJ\GHPDQGRIDQDYHUDJHKRXVHKROG,WSURGXFHV
 : RI HOHFWULFLW\ DQG  : RI KHDW ,W QHHGV WR EH
LQWHJUDWHGZLWKH[LVWLQJSRZHUDQGKHDWLQIUDVWUXFWXUHVWRPHHW
WKH SHDN GHPDQG 7KLV V\VWHP FRVWV DURXQG  
(XURV LQ WKH8.$W DYDLODELOLW\ RI WKH V\VWHP(OFRUH
ZLOO SURGXFHN:KRI HOHFWULFLW\ZKLFKPD\EULQJ
DQG UHWXUQ RI DQQXP IURP WKH )HHGLQ7DULII $V LW
SURGXFHV RQO\ WKH EDVH ORDG HQHUJ\ LW ZLOO QRW SRVVLEOH WR
H[SRUW HOHFWULFLW\ LQWR WKH JULG )RU DQ DYHUDJH KRXVHKROG
HQHUJ\ELOOZLOOJRGRZQE\DQQXP7KHUHIRUHWKHWRWDO
UHWXUQZLOOEHDQQXP

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

)LJ(OFRUHN:&+36\VWHP
9&21&/86,21
7KH UHVXOWV VKRZ WKDW 9LWRYDORU 3 UHTXLUHV  \HDUV
(OFRUH  UHTXLUHV DERXW  \HDUV DQG %OXH*HQ UHTXLUHV
DERXW\HDUVWRUHDFKWKHEUHDNHYHQSRLQW$OOWKUHHSURGXFWV
FRPHZLWK  \HDUVZDUUDQWHH DQG%OXH*HQ UHDFK LWV EUHDN
HYHQ SRLQW ZLWKLQ WKH ZDUUDQWHH SHULRG ZKLFK PHDQV RQO\
%OXH*HQLVHFRQRPLFDOO\YLDEOHEDVHGRQWKLVDQDO\VLV)XUWKHU
GHWDLODQDO\VLVLVUHTXLUHGWRDVVHVVWKHHQYLURQPHQWDOEHQHILW
)XHO FHOO EDVHG&+3 V\VWHPV DUH MXVW HQWHULQJ WKHPDUNHW
DQG UHTXLUH WLPH WR FDWFK WKH PDUNHW 7KHQ RQO\ PDVV
SURGXFWLRQ FDQ WDNH SODFH ZKLFK FDQ EULQJ GRZQ WKH
PDQXIDFWXULQJ FRVW RI WKH V\VWHP $W DQ HDUO\ VWDJH RI LWV
SURGXFW OLIH F\FOH ILQDQFLDO EHQHILWV RI &+3 V\VWHP DOUHDG\
ORRNSURPLVLQJ
$VWKH&+3LVLQLWVHDUO\VWDJHRIWKHSURGXFWOLIHF\FOHLW
LV YHU\ GLIILFXOW WR FROOHFW GDWD VXFK DV DFWXDO LQYHVWPHQW
UHTXLUHG IRU WKH FRPSOHWH V\VWHP LQVWDOOPHQW PDLQWHQDQFH
HIILFLHQF\ QHDU WR WKHLU HQGRIOLIH HWF ,W LV LPSRUWDQW WKDW
UHVHDUFKHUVPDQXIDFWXUHUV V\VWHPGHVLJQHUV DQG XVHUV VKDUH
WKHLQIRUPDWLRQUHODWHGWR&+3SHUIRUPDQFHPDLQWHQDQFHDQG
LQLWLDOLQYHVWPHQW
*RYHUQPHQW QHHGV WR FUHDWH PRUH DWWUDFWLYH SROLFLHV
WRZDUGV ORZFDUERQ WHFKQRORJLHV WRHQFRXUDJH FRQYLQFHDQG
DWWUDFWPRUH FXVWRPHUV WR FKRRVH &+3 V\VWHP WR UHGXFH WKH
FDUERQHPLVVLRQ
9, )8785(:25.
)XUWKHU DQDO\VLV LV UHTXLUHG RQ RWKHU &+3 V\VWHPV
)LQDQFLDOSHUIRUPDQFHLQGLFDWRUVVXFKDVGHELWWRHTXLW\UDWLR
GHSUHFLDWLRQ UHWXUQ RQ LQYHVWPHQW HWF QHHG WR EH HVWLPDWHG
DQGFRPSDUHGEHWZHHQWKHGLIIHUHQW&+3V\VWHPV
$&.12:/('*0(17
7 6XWKDUVVDQ WKDQNV.QRZOHGJH7UDQVIHU 3DUWQHUVKLS DQG
(XUR(QHUJ\6ROXWLRQVIRUWKHILQDQFLDOVXSSRUW
5()(5(1&(6
>@ -/DUPLQLH$'LFNVDQG060F'RQDOG³)XHOFHOOV\VWHPV
H[SODLQHG´9RO1HZ<RUN:LOH\
>@ - +DOO DQG 5 .HUU ³,QQRYDWLRQ G\QDPLFV DQG HQYLURQPHQWDO
WHFKQRORJLHVWKHHPHUJHQFHRIIXHOFHOOWHFKQRORJ\´-RXUQDORI&OHDQHU
3URGXFWLRQ9ROSS
>@ (QHUJ\(IILFLHQW'LUHFWLYHDirective of the European Parliament and of 
the Council on energy efficiency
>@ )UDPHZRUN &RQYHQWLRQ RQ &OLPDWH &KDQJH Adoption of the Paris 
Agreement, 8QLWHG1DWLRQV)&&&&3/5HY
>@ /:DWHUV9*RRGULJKWDQG(:LONHVEnergy Consumption in the UK 
(2015)'HSDUWPHQWRI(QHUJ\	&OLPDWH&KDQJHFK
>@ 1DWLRQDO 6WDWLVWLFV &RPELQHG +HDW DQG 3RZHU &KDSWHU  'LJHVW RI
8QLWHG.LQJGRP(QHUJ\6WDWLVWLFV'8.(6FK
>@ $ 7HVIDL $0\ORQD 3 &RQQRU0 &DVVLG\ DQG - 7 6 ,UYLQH ³$
&DVH6WXG\RI6\VWHP(IILFLHQF\9LDELOLW\DQG(QHUJ\9DOXHVRI62)&
%DVHG )XHO &HOO 0LFUR&+3 IRU 2IILFH %XLOGLQJ´ (&6 7UDQVDFWLRQV
9ROSS
>@ ' 0F0DKRQ ³9LHVVPDQQ LQVWDOOV ILUVW IXHO FHOO &+3 V\VWHP LQ 8.
KRPHDKHDGRIPDUNHWUROORXW´)XHO&HOOV%XOOHWLQ9RO
SS
>@ (QHILHOG 3URMHFW 5HSRUW ³' 3RVLWLRQ 3DSHU RQ 5HJXODWLRQV &RGHV
DQG6WDQGDUGV´



'U7KDPR6XWKDUVVDQ 0¶ZDVERUQ LQ -DIIQD6UL/DQNDDQG UHFHLYHG
%6FLQ(OHFWULFDO	(OHFWURQLF(QJLQHHULQJIURP8QLYHUVLW\RI3HUDGHQL\D6UL
/DQND06F LQ $HURQDXWLFDO (QJLQHHULQJ IURP 8QLYHUVLW\ RI %ULJKWRQ 8.
DQG3K'LQ3URJQRVWLFVDQG+HDOWK0RQLWRULQJIURP8QLYHUVLW\RI*UHHQZLFK
8.LQDQGUHVSHFWLYHO\
 +H LV FXUUHQWO\ ZRUNLQJ DV .73 $VVRFLDWH DW WKH 8QLYHUVLW\ RI
+HUWIRUGVKLUH +DWILHOG 8. DQG ZRUNLQJ RQ D IXHO FHOO V\VWHP LQWHJUDWLRQ
SURMHFWIRU(XUR(QHUJ\6ROXWLRQ3ULRUWRWKLVKHZDVD5HVHDUFK)HOORZDWWKH
8QLYHUVLW\ RI *UHHQZLFK DQG ZDV ZRUNLQJ RQ D FROODERUDWLYH SURMHFW ZLWK
+HULRW:DWW8QLYHUVLW\IRU6FRWWLVKDQG6RXWKHUQ(QHUJ\%HIRUHKHPRYHGWR
8.LQKHZDVPDQDJLQJKLVRZQ(QJLQHHULQJDQG%XVLQHVV&RQVXOWDQF\
ILUP DQG PDQDJHG PDQ\ GLIIHUHQW SURMHFWV UHODWHG WR EXLOGLQJ VHUYLFHV DQG
DXWRPDWLRQ +H KDV SXEOLVKHG WZR SHHU UHYLHZ MRXUQDO SDSHUV DQG WKUHH
FRQIHUHQFH SDSHUV +LV UHVHDUFK LQWHUHVWV DUH 3URJQRVWLFV DQG +HDOWK
0RQLWRULQJ $XWRPDWLRQ DQG &RQWURO 6\VWHPV 0DWKHPDWLFDO 0RGHOOLQJ
(PEHGGHG6\VWHPVDQG0DFKLQH/HDUQLQJ
 'U 6XWKDUVVDQ LV D &KDUWHUHG (OHFWULFDO DQG (OHFWURQLF (QJLQHHU DQG
0HPEHU RI ,QVWLWXWH RI (QJLQHHULQJ DQG7HFKQRORJ\ VLQFH +H LV DOVR
PHPEHUDQGUHYLHZHURI3URJQRVWLFVDQG+HDOWK0DQDJHPHQW3+06RFLHW\
VLQFHDQG UHYLHZPDQDJHU IRUDQQXDO FRQIHUHQFHVRI WKH3+06RFLHW\
VLQFH



'U 'LRJR 0RQWDOYmR LV D PHFKDQLFDO HQJLQHHULQJ JUDGXDWH IURP WKH
8QLYHUVLW\ RI /LVERQ 'U 'LRJR 0RQWDOYmR ZRUNHG LQ 5$065&0 LQ WKH
5ROOLQJ 6WRFN LQGXVWU\ FRRSHUDWLQJ ZLWK FRPSDQLHV OLNH $'WUDQ] DQG
%RPEDUGLHU 7UDQVSRUWDWLRQ $IWHU FRPSOHWLQJ KLV 3K' LQ 9LEUDWLRQEDVHG
6+0 DSSOLHG WR FRPSRVLWH PDWHULDOV KH ZDV DSSRLQWHG D RQH\HDU
SURIHVVRUVKLS LQ WKH0,73RUWXJDO'RFWRUDO SURJUDP LQ (QJLQHHULQJ'HVLJQ
DQG $GYDQFHG 0DQXIDFWXULQJ &XUUHQWO\ KH LV D 6HQLRU /HFWXUHU LQ
0HFKDQLFDO 6\VWHPV DW WKH8QLYHUVLW\ RI +HUWIRUGVKLUH ZLWK  FKDSWHU LQ D
ERRN DQG PRUH WKDQ  SXEOLFDWLRQV +H DOVR LV WKH VXSHUYLVRU RI D .73
SURMHFW RQ%DODQFH RI 3ODQW RI )XHO&HOOV (XUR(QHUJ\ 6ROXWLRQV/WG DQG
PDLQWDLQVFRRSHUDWLYHSURMHFWVZLWKRWKHUSDUWQHUVLQWKH8.7KLVEURDGUDQJH
RIH[SHULHQFHFRQWULEXWHGWRWKHVXFFHVVLQKLVUROHVZKLFKDFKLHYHPHQWVZHUH
DOUHDG\UHFRJQLVHGZLWKDQXPEHURIDZDUGV



'U <RQJ.DQJ&KHQ LV D 5HDGHU DQG OHDGHU RI0HFKDQLFDO *URXS LQ WKH
6FKRRO RI (QJLQHHULQJ DQG 7HFKQRORJ\ DW WKH 8QLYHUVLW\ RI +HUWIRUGVKLUH
OHDGLQJ WKH UHVHDUFK LQ VXVWDLQDEOH HQHUJ\ WHFKQRORJLHV DQG &)')(0
VLPXODWLRQV +H JDLQHG D %(QJ DQG DQ 06F IURP 7DL\XDQ 8QLYHUVLW\ RI
7HFKQRORJ\ IROORZHG E\ D 3K' IURP WKH 8QLYHUVLW\ RI %LUPLQJKDP +LV
UHVHDUFKLQWHUHVWVLQFOXGHUHQHZDEOHHQHUJ\WHFKQRORJLHVVXFKDVQRYHOZLQG
WXUELQHVIRUXUEDQDUHDVVXVWDLQDEOHDLUVKLSIRUWUDQVSRUWIXHOFHOOVDQGQDQR
PDWHULDOV+HKDVSXEOLVKHGPRUHWKDQUHIHUHHGSDSHUVDQGDZLGHUDQJHRI
SURMHFWVKDYHEHHQIXQGHGE\(365&76%(8)3DQGLQGXVWU\+HLV WKH
*XHVW(GLWRURI,QWHUQDWLRQDO-RXUQDORI0RGHOOLQJ,GHQWLILFDWLRQDQG&RQWURO
DQG(GLWRULDO%RDUG0HPEHU-RXUQDORI0HFKDQLFDO(QJLQHHULQJDQG&KLQHVH
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
-RXUQDO RI0HFKDQLFDO (QJLQHHULQJ +H KROGV D )HOORZVKLSRI ,QVWLWXWLRQ RI
0HFKDQLFDO(QJLQHHUV



'U :HQ&KXQJ :DQJ LV SURIHVVLRQDO UHIULJHUDWLRQ DQG DLU FRQGLWLRQLQJ
HQJLQHHU+H UHFHLYHG06F IURP1DWLRQDO 7DLSHL8QLYHUVLW\ RI 7HFKQRORJ\
DQG3K'IURP8QLYHUVLW\RI+HUWIRUGVKLUHLQDQGUHVSHFWLYHO\+LV
3K'UHVHDUFKZDVLQHQHUJ\HIILFLHQF\RIKHDWSXPSV\VWHP+HKDVPRUHWKDQ
 \HDUV LQGXVWULDO H[SHULHQFH &XUUHQWO\ KH LV ZRUNLQJ DW (XUR (QHUJ\
6ROXWLRQDQGGHYHORSLQJ62)&DQG3(0)&WHFKQRORJ\IRU&+3DQGSRUWDEOH
HQHUJ\VROXWLRQV



'U &ODXGLD 3LVDFZDV ERUQ LQ %XFKDUHVW 5RPDQLD DQG UHFHLYHG %(QJ LQ
$LUFUDIW 6WUXFWXUH DQG PDVWHU GHJUHH LQ $HURQDXWLFDO 0DQDJHPHQW IURP
3RO\WHFKQLFV 8QLYHUVLW\ RI %XFKDUHVW 5RPDQLD DQG 3K' LQ 6XVWDLQDEOH
(QHUJ\IURP8QLYHUVLW\RI+HUWIRUGVKLUH8.
6KH LV FXUUHQWO\ D'HYHORSPHQW (QJLQHHU DW (XUR (QHUJ\ 6ROXWLRQV /WG
ZRUNLQJRQGHYHORSPHQWRID3(0IXHOFHOOFRQFHSWXDOGHVLJQ3UHYLRXVO\VKH
ZRUNHGZLWKDWHDPIURP&KHP(FRO/WGWRGHYHORSDGYDQFHGGLHVHODGGLWLYHV
WKURXJK D .QRZOHGJH 3DUWQHU¶V (DVW RI (QJODQG .((3 SDUWQHUVKLS ZLWK
8QLYHUVLW\RI+HUWIRUGVKLUH6KHFRQGXFWHGVWXGLHVWRDQDO\VHWKHHIIHFWRIWKH
GLHVHODGGLWLYH$GGLWRQHRQIXHOFRQVXPSWLRQDQGHQJLQHHPLVVLRQVDWDUDQJH
RIHQJLQHORDGVDQGVSHHGFRQGLWLRQVRQD90GLHVHOHQJLQH'XULQJKHU
3K' UHVHDUFK VKH LQYHVWLJDWHG WKH HIIHFW RI ELRGLHVHO XVHG LQ LQWHUQDO
FRPEXVWLRQHQJLQH$UHDRIUHVHDUFK LQFOXGHVPLFURELRORJLFDOFRQWDPLQDWLRQ
RIGLHVHODQGELRGLHVHODIXQGDPHQWDOVWXG\RIQLWURJHQR[LGHIRUPDWLRQIURP
GLHVHO DQG ELRGLHVHO DQG FRPSDUDWLYH VWXG\ RI WKH HIIHFW RI GLHVHO ELRGLHVHO
DQG EOHQGV RI GLHVHO DQG ELRGLHVHO RQ HQJLQH HIILFLHQF\ HPLVVLRQV DQG
SHUIRUPDQFH


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